The basement membrane at the blood-brain barrier (BBB) plays important roles in maintaining the structure and function of capillary vessels. The BBB is constructed from endothelial cells, astrocytes and pericytes, but their interactions in the formation or maintenance of basement membrane have not been established. Transforming growth factor-b1 (TGF-b1) is known to increaseˆbronectin in brain capillary basement membrane with deposition of b-amyloid. We previously reported that the mRNA level of a-smooth muscle actin in a brain capillary pericyte cell line TR-PCT1 was increased by treatment with TGF-b1. In this study, expression of mRNAs encoding basement membrane-related molecules in TR-PCT1, a rat endothelial cell line TR-BBB13, and a type 2 astrocyte cell line TR-AST4 was evaluated by RT-PCR. The eŠects of TGF-b1 on expression of basement membrane-related genes in these cell lines were also examined. Fibronectin, MMP-9, tPA, TIMP-1, and PAI-l in TR-PCT1 were higher than in TR-BBB13 and TR-AST4. In TR-PCT1 treated with TGF-b1, collagen type IV, PAI-1, and MMP-9 were increased, and TIMP-2 was reduced. The change in PAI-1 mRNA was faster than those in MMP-9, TIMP-2, collagen type IV mRNAs. These results suggest that pericytes may be key cells in the maintenance of the basement membrane at the BBB.
Introduction
The basement membrane at the blood-brain barrier (BBB) has many important roles, including maintenance of capillary vessel morphology, cell adhesion, and preventing plasma protein leakage from capillary vessels. 1) Basement membrane is constructed from extracellular matrix (ECM) such as collagen type IV, laminin, andˆbronectin, and regulated by matrix metalloproteinases (MMPs) and plasmin. 2, 3) MMP-2 digests collagen type IV,ˆbronectin, and laminin, while MMP-9 digests collagen type IV, and these MMPs are inhibited by tissue inhibitor of metalloproteinase (TIMP). 4) Plasmin is generated from plasminogen by tissue-type (tPA) and urokinase-like plasminogen activator which are inhibited by PA inhibitor (PAI). 4) Brain capillaries contain endothelial cells, astrocytes and pericytes. 5) It was reported that cultured endothelial cells express MMP-1, -2, -3, -9, and -14, and TIMP-1 and -2. 6) In addition, cultured retinal endothelial cells produce uPA, tPA, urokinase plasminogen activator surface receptor (uPAR), and PAI-1. 6) Moreover, retinal endothelial cells synthesizeˆbronectin, laminin, collagen, and proteoglycan, which are components of basement membrane. 7) On the other hand, cytokine-stimulated astrocytes express proteases and their inhibitors, and regulate the activities of metalloproteinases and plasmin. 8, 9) Pericytes also express MMP-2, -9, TIMP-2, -3, and PAI-1 and their inhibitors, and regulate the state of the basement membrane. 10, 11) These reports suggest that brain capillary-related cells may regulate various components of basement membrane. However, the physiological role of these cells in maintenance of basement membrane has not been clariˆed yet.
Transforming growth factor-b1 (TGF-b1) is an important cytokine which is associated with tissue repair and with the activation, degradation, or down-regulated mRNA expression of various molecular species. TGFb1 transgenic mice show Alzheimer's disease (AD)-like cerebrovascular amyloidosis. The basement membranes of TGF-b1 transgenic mice are thickened with increased bronectin expression, and denaturation or lack of endothelial cells and pericytes is observed. 12) We have established a pericyte cell line, TR-PCT1, from brain capillaries of a transgenic rat harboring a temperaturesensitive simian virus 40 T antigen gene (tsA58 transgenic rat).
13) TGF-b1 treated TR-PCT1 increased expression of a-smooth muscle actin. 13) In this study, we examined the expression of mRNAs encoding basement membrane-related molecules in a rat brain pericyte cell line, a rat brain endothelial cell line, and a type 2 astrocyte cell line established from tsA58 transgenic rat. These cell lines express speciˆc cell type markers and retain key in vivo functions. 14) As it is di‹cult to identify cells that secrete basement membrane-related molecules in vivo, the present data regarding the expression of basement membrane-related molecules in cultured cell lines should provide useful clues to the in vivo situation. Furthermore, we also examined the eŠects of TGF-b1 on the expression of basement membrane-related genes in these cell lines.
Methods
Cell culture: A rat brain capillary pericyte cell line TR-PCT1, a rat brain endothelial cell line TR-BBB13, and a type 2 astrocyte cell line TR-AST4 were used as described below. 13, 15, 16) These cell lines are conditionally immortalized cells, which were established from tsA58 transgenic rats. TR-PCT1 cells were cultured in Dulbecco's modiˆed Eagle's medium (DMEM; GIBCO TM Invitrogen Co., Grand Island, NY), supplemented with 10 z fetal bovine serum (FBS; JRH Bioscience, Lenexa, KS), 100 U W mL penicillin (PC) and 100 mg W mL streptomycin (SM; both GIBCO TM Invitrogen Co.). TR-BBB13 cells were cultured in DMEM supplemented with 10z FBS, 15 mg W mL endothelial cell growth factor from bovine brain (bECGF; Boehringer Mannheim, Mannheim, Germany), 100 U W mL PC and 100 mg W mL SM on culture dishes (PRIMARIA Tissue Culture Dish; BD, Franklin Lakes, NJ). TR-AST4 were cultured in DMEM supplemented with 10z FBS, 100 U W mL PC and 100 mg W mL SM. Cultures were incubated at 339 C in a humidiˆed atmosphere of 5z CO2 in air.
Semi-quantitative reverse transcription-polymerase chain reaction (RT-PCR) analysis: The mRNA levels of rat glyceraldehyde-3-phosphate dehydrogenase (G3PDH), rat collagen type IV, ratˆbronectin, rat MMP-2, rat MMP-9, rat tPA, rat uPA, rat TIMP-1, rat TIMP-2, and rat PAI-1 expressed by pericytes, brain endothelial cells, and type 2 astrocytes were analyzed by RT-PCR analysis. TR-PCT1 (2×10 6 cells W 100 mm dish), TR-BBB13 (1×10 6 cells W 100 mm dish), and TR-AST4 (7×10 5 cells W 100 mm dish) were incubated at 33 9 C in a humidiˆed atmosphere of 5z CO2 in air for 2 days. Total cellular RNA was prepared from Ca 2＋ W Mg 2＋ -free phosphate-buŠered saline [PBS (-)]-washed cells using RNeasy Mini Kits (QIAGEN, Valencia, CA), according to the manufacturer's instructions. Complementary DNA (cDNA) was synthesized from 1 mg of total RNA using oligo (dT)15 as a primer and M-MLV reverse transcriptase (ReverTraAce, Toyobo Co. Ltd., Osaka, Japan). RT-PCR was performed with Takara Ex Taq TM (Takara Shuzo Co. Ltd., Shiga, Japan) according to the manufacturer's instructions. The sequences of sense and antisense primers, and the experimental conditions are given in Table 1 . The PCR was carried out using the following protocol. After an initial melting procedure at 859 C for 5 min, primers were added (hot start method). Ampliˆcation was carried out with repeated cycles of 1 min denaturing at 94 9 C, 1 min annealing and 1 min extension at 729 C. The PCR products were visualized by ethidium brominde staining after resolution on 3z agarose gel. The densities of PCR products were corrected based on that of G3PDH for semi-quantitative analysis.
Analysis of eŠect of TGF-b1 on expression of basement membrane-related genes: Con‰uent TR-PCT1, TR-BBB13, and TR-AST4 cells were incubated with or without human TGF-b1 (Pepro Tech EC Ltd., London, UK) for 4 hours or 24 hours at 339 C in a humidiˆed atmosphere of 5z CO2 in air. Preliminary study was per- formed with 1, 2 and 10 ng W mL of TGF-b1, following previous reports using human endothelial and glial cells. 17, 18) The expression of PAI-1 mRNA was highest at 2 ngW mL, therefore, further analyses were performed at 2 ngW mL .
Cells were rinsed with PBS (-) and total cellular RNA was prepared using RNeasy Mini Kits (QIAGEN), according to the manufacturer's instructions. Expression of basement membrane-related genes was analyzed by semi-quantitative RT-PCR.
Results
Levels of mRNAs for basement membrane components: We analyzed the mRNA levels of basement membrane components in TR-PCT1, TR-BBB13, and TR-AST4 by semi-quantitative RT-PCR. Collagen type IV was mainly expressed in TR-AST4 (Fig. 1A) . Expression of collagen type IV mRNA could be detected in TR-PCT1 and TR-BBB13 when the number of PCR cycles was increased (data not shown). Fibronectin was mainly expressed in TR-PCT1. The mRNA level of bronectin in TR-PCT1 was approximatelyˆve times higher than that in TR-BBB13 (Fig. 1B) .
Levels of mRNAs for basement membrane-degrading enzymes: The mRNA levels of basement membranedegrading enzymes in TR-PCT1, TR-BBB13, and TR-AST4 were analyzed by semi-quantitative RT-PCR. The mRNA level of MMP-2 in TR-PCT1 was lower than in TR-AST4, but higher than that in TR-BBB13 ( Fig. 2A) . Expression of MMP-9 was not detected in TR-AST4. The mRNA level of MMP-9 in TR-PCT1 was more than three times higher than in TR-BBB13 (Fig. 2B) . The mRNA level of tPA was also high in TR-PCT1 (Fig.  2C) . The mRNA level of uPA was lower in TR-PCT1 than in TR-BBB13 or TR-AST4 (Fig. 2D) .
Levels of mRNAs for inhibitors of basement membrane-degrading enzymes: The mRNA levels of inhibitors of basement membrane-degrading enzymes in TR-PCT1, TR-BBB13, and TR-AST4 were analyzed by semi-quantitative RT-PCR. PAI-1 mRNA was mainly expressed in TR-PCT1, and its level was more than nine times higher than in TR-BBB13 (Fig. 3A) . A high level of TIMP-1 mRNA was also observed in TR-PCT1, and it was approximately two times higher than in TR-BBB13 (Fig. 3B) . The mRNA level of TIMP-2 was highest in TR-BBB13, followed by TR-PCT1 and TR-AST4 in that order (Fig. 3C) .
EŠects of TGF-b1 on expression of basement membrane-related genes: We compared cells incubated with or without (control) TGF-b1. After four hours of incubation with TGF-b1, the mRNA level of collagen type IV was unchanged in TR-PCT1, but after 24 hours it was 1.5 times higher than in the control (pº0.05) (Fig. 4A) . In TR-BBB13, expression of collagen type IV mRNA was not detected. After four hours of incubation with TGF-b1, the level of collagen type IV mRNA was unchanged in TR-AST4, while after 24 hours it was 20z lower than in the control (pº0.01) (Fig. 4B) . After four hours of incubation with TGF-b1, the level of bronectin mRNA in TR-PCT1 was 15z lower than the control (pº0.05), but it was unchanged compared with the control after 24 hours (Fig. 5A) . In TR-BBB13 and TR-AST4, the level ofˆbronectin mRNA was unchanged after four and 24 hours of incubation with TGF-b1 (Fig. 5B, 5C ). The level of MMP-2 mRNA in TR-PCT1 was unchanged after 4 hours, but it was approximately 1.7 times higher than in the control after 24 hours (pº0.05) (Fig. 6A) . In TR-BBB13, it was approx- Results are shown as the ratio of the band intensity to that of G3PDH, taken as unity. Data are mean±SD (n＝3). *Indicates a signiˆcant diŠerence from TR-PCT1 *(pº0.05) and **(pº0.01). imately 1.3 (pº0.05) and 3.9 (pº0.01) times higher than in the control after four and 24 hours, respectively (Fig. 6B) . In TR-AST4, it was also approximately 1.6 (pº0.05) and 1.6 (pº0.01) times higher than in the control after four and 24 hours, respectively (Fig. 6C) . The level of MMP-9 mRNA was unchanged in TR- PCT1 after 4 hours, but it was approximately 3.8 times higher than in the control after 24 hours (pº0.01) (Fig.  7A) . In TR-BBB13, the level of MMP-9 mRNA was unchanged after four and 24 hours of incubation with TGF-b1 (Fig. 7B) . In TR-AST4, expression of MMP-9 mRNA was not detected. The levels of tPA and uPA mRNAs were unchanged after four and 24 hours in all three cell lines (Figs. 8, 9 ). In TR-PCT1 and TR-AST4, the level of TIMP-1 mRNA was unchanged after four and 24 hours (Fig. 10A, 10B) , while in TR-BBB13, it was approximately 1.5 (pº0.01) times higher than the control after 24 hours of incubation with TGF-b1 (Fig.  10C) . In TR-PCT1 and TR-BBB13, the levels of TIMP-2 mRNA were unchanged after four hours incubation with TGF-b1, but were approximately 28z (pº0.01) and 38z (pº0.01), respectively, lower than the control at 24 hours (Fig. 11A, 11B) . In TR-AST4, the level of TIMP-2 mRNA was unchanged after four and 24 hours ( Fig. 11C) . After four and 24 hours incubation with TGF-b1, the level of PAI-1 mRNA was approximately 1.5 (pº0.01) and 3.0 (pº0.05) times higher than the control in TR-PCT1 (Fig. 12A) , approximately 1.8 (pº0.01) and 7.0 (pº0.01) times higher in TR-BBB13 (Fig. 12B) , and approximately 1.7 (pº0.05) and 4.0 (pº0.01) times higher in TR-AST4, respectively (Fig.  12C) .
Discussion
The characteristic mRNA levels for basement membrane components in pericyte (TR-PCT1), brain endothelial (TR-BBB13) and astrocyte (TR-AST4) cell lines were clariˆed (Figs. 1-3) . TR-BBB, TR-AST, and TR-PCT cells express speciˆc cell type markers and retain key in vivo functions. 14) Further, the induction of PAI-1 expression by TGF-b1 in TR-BBB, TR-AST, and TR-PCT cells (Fig. 12) is consistent with the previous nding that PAI-1 expression was induced in the brain of transgenic mice overexpressing TGF-b1 from astrocytes. 19 ) Therefore, we consider that the cell lines used in the present study are a suitable in vitro model. The mRNA of collagen type IV, a basement membrane component, was mainly expressed in astrocytes (Fig. 1) , which are located outside of the basement membrane in brain capillaries. The mRNA ofˆbronectin was mainly expressed in pericytes (Fig. 1) . Fibronectin is synthesized by retinal endothelial cells, retinal pericytes, and astrocytes, 10, 20) and in endothelial cells treated with astrocyte conditioned medium, synthesis ofˆbronectin was increased, whereas that of laminin was unchanged. 20) Therefore, it has been suggested that astrocytes regulate the amounts ofˆbronectin by releasing factors that in‰uence endothelial cells. In this study, however, it was clariˆed thatˆbronectin is mainly synthesized by pericytes. The levels of MMP-9, tPA, TIMP-1, and PAI-1 mRNAs were higher in pericytes than in endothelial cells or astrocytes (Figs. 2, 3) and thus, the amounts of the basement membrane components seem to be mainly regulated by pericytes.
Basement membrane abnormalities in the brain are seen in diseases such as AD, 21) and participation of 263 EŠect of TGF-b1 on Brain Pericytes TGF-b1 in the pathogenesis of these diseases is suspected. TGF-b1 transgenic mice show AD-like cerebrovascular amyloidosis. The basement membrane of TGF-b1 transgenic mice is thickened, and denaturation or lack of endothelial cells and pericytes is observed. 12) We compared the mRNA levels expressed by basement membrane-related genes in cells incubated with or without (control) TGF-b1 for four or 24 hours ( Table 2 ). In pericytes, the mRNA levels of collagen type IV, MMP-2, MMP-9, and PAI-1 were increased, while that of TIMP-2 was decreased (Figs. 4, 6, 7, 11, 12 ). TGF-b1 appeared to induce both early and late responses in pericytes. As shown in Fig. 12 , mRNA expression level of PAI-1 was increased quickly and continuously in pericytes treated with TGF-b1. It is reported that PAI-1 synthesis in various cells is regulated through activation of two transcription factors, nuclear factor kB (NF-kB) and activator protein-1 (AP-1). 22, 23) The PAI-1 promoter is activated by TGF-b1 through an AP-1 element. 24, 25) In this study, increase of PAI-1 mRNA expression in pericytes was observed as an early response to TGF-b1. On the other hand, the levels of collagen type IV, MMP-9, and MMP-2 mRNAs in TR-PCT1 were unchanged after four hours of incubation with TGF-b1, but were (Figs. 4, 7, 11) . In retinoblastoma, expression of MMP-9 is signiˆcantly increased by cytokines, namely interleukin-1 and tumor necrosis factor-a (TNF-a). Transcription of MMP-9 promoter is stimulated by TNF-a through binding to sites for AP-1, NF-kB, and SP-1. If any of these transcription factors is missing, transcription e‹ciency is decreased remarkably. 26) In pericytes treated with TGF-b1, the transcription e‹ciency of MMP-9 may be less than that of PAI-1, or increase of MMP-9 mRNA expression may be unrelated to promoter activation. Several studies have shown that expression of collagen type IV mRNA is increased in human or rat mesangial cells treated with TGF-b1. [27] [28] [29] Expression of collagen type IV mRNA was also induced in rat brain pericytes treated with TGF-b1.
The mRNA level of TIMP-2 is increased in human mesangial cells treated with TGF-b1. 30) On the contrary, expression of TIMP-2 mRNA is reduced in osteoblasts treated with TGF-b1. 31) In brain pericytes treated with TGF-b1, expression of TIMP-2 mRNA was reduced. It appears that the eŠect of TGF-b1 on expression of TIMP-2 mRNA is tissue-dependent.
A binding site for p53, a tumor suppressor and transcription factor, exists upstream of the MMP-2 promoter, and transcription of MMP-2 is activated by p53. 32) Expression of MMP-2 mRNA was induced by treatment with TGF-b1 in pericytes (TR-PCT1) cultured at 339 C, but not at 379 C (data not shown). This may be related to the fact that T antigen binding to p53 protein or Rb protein is inactivated in tsA58 transgenic rats at 379 C.
In endothelial cells treated with TGF-b1, the levels of MMP-1, TIMP-1, and PAI-1 mRNAs were increased, while TIMP-2 mRNA was decreased (Figs. 6, 10-12 ). In astrocytes treated with TGF-b1, the levels of MMP-2 and PAI-1 mRNAs were increased, while collagen type IV mRNA was decreased (Figs. 4, 6, 12 ). PAI-1 mRNA was synthesized in all three cell lines at an early stage after treatment with TGF-b1. This suggests that there may be an increase in the amount ofˆbronectin, since the generation of plasmin from plasminogen is inhibited by PAI-1. This is consistent with reports that the basement membrane of retinal microvessels is signiˆcantly thickened in PAI-1 transgenic mice, 33) and that the amount of bronectin is increased in TGF-b1 transgenic mice. 34) In pericytes and endothelial cells, the level of TIMP-2 mRNA was reduced by treatment with TGF-b1. The activation process of pro-MMP-2 on the cell membrane has been shown to require the formation of the complex of MMP-2, TIMP-2, and MT1-MMP. Thus, the reduction of TIMP-2 may lead to reduced activation of MMP-2, with consequent thickening of the basement membrane. Protein level analyses will be needed to conrm this. In the present study, the change of mRNA levels after TGF-b1 treatment (Figs. 4-12) is nearly 2-fold. This may well lead to a signiˆcant change in protein expression, because it has been reported that expression of both PAI-1 protein and mRNA in human retinal glial cells was increased approximately 150z by 10 ng W mL TGF-b1 treatment for 24 hours. 17) In Figs. 4-12 , the mRNA levels in the 4-hour control were sometimes diŠerent from those in the 24-hour control. Since basement membrane-related molecules are reported to be associated with cell proliferation, cell-matrix adhesion, and extracellular proteolysis, 19, 35) the diŠerences between the controls at the two times may be a result of changes in cell proliferation and cell-matrix adhesion.
In conclusion, many basement membrane-related molecules such asˆbronectin, MMP-9, tPA, TIMP-1, and PAI-l were predominantly expressed in TR-PCT1, implying that pericytes play an important role in maintaining the basement membrane at the BBB. Moreover, treatment with TGF-b1 aŠects the expression of basement membrane-related molecules, such as collagen type IV, PAI-1, MMP-9, and TIMP-2 in TR-PCT1. Theseˆndings oŠer important information that will increase our understanding of the mechanisms of formation and maintenance of the basement membrane at the BBB.
